Objectives: Investigate the use of cardiac resynchronization therapy (CRT) in cancer patients with heart failure (HF); assess factors associated with ischemic and non-ischemic HF.
Introduction
The advent of new cancer therapies has brought about an increase in the number of long-term cancer survivors. However, many of these newer therapies are cardiotoxic, and thus the incidence of heart failure (HF) has been increasing in this high-risk patient population. Cardiac resynchronization therapy (CRT) is one of the most significant advances in the treatment of patients experiencing severe HF with impaired ejection fraction and ventricular conduction disturbances [1] [2] . The biventricular pacing induced by CRT has been shown to restore left ventricular synchrony, resulting in improved health outcomes [1, [3] [4] [5] .
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Despite the known benefits of CRT for patients who meet criteria for placement, information about the use of this technology in cancer patients and cancer survivors with severe HF is limited. Because the ultimate goal in treating patients with cancer is to cure the disease, the adverse cardiac effects of treatment are often overlooked. For cancer survivors, ongoing care focuses mostly on intermediate and long-term monitoring for cancer recurrence, rather than on long-term monitoring for adverse effects from cancer treatment, such as cardiomyopathy and HF. As a consequence, a substantial number of cancer patients and survivors who develop severe HF fail to receive indicated therapies such as CRT, even when they meet eligibility criteria.
A wide variety of antineoplastic agents can cause unintended consequences on to the cardiovascular system, leading to heart failure [7] [8] [9] [10] [11] . Given the high prevalence of cardiovascular disease and associated risk factors in the general population, patients may already have compromised cardiac function at the time of cancer diagnosis and before starting chemotherapy [12, 13] . Furthermore, multiple risk factors such as hypertension, obesity, dyslipidemia, and metabolic syndrome can compromise the cardiovascular reserve and increase the likelihood of subsequent cardio-toxicity leading to HF [14] .
HF may be of ischemic or non-ischemic etiology. In HF with ischemic etiology, ventricular dysfunction is a consequence of myocardial ischemia and infarction related to coronary atherosclerosis, manifested by a significant narrowing or occlusion of the coronary arteries noted on cardiac catheterization. Conversely, in non-ischemic cardiomyopathy, the weakened heart muscle can result from toxic injury (chemotherapeutic agents), infection, immunological abnormalities, or genetic factors. A significant proportion of patients with non-ischemic cardiomyopathy have idiopathic dilated cardiomyopathy, the cause of which has not been established and which is likely to be multifactorial, potentially including occult viral myocarditis, abnormalities of the immune system, infiltrative myocardial disease, or genetic factors. Oftentimes, determining non-ischemic cardiomyopathy as the exact etiology is made difficult by heterogeneity in definitions and diagnostic criteria. Many epidemiological and clinical studies simply classify patients as having non-ischemic cardiomyopathy if heart failure is present and there is no clinical or electrocardiographic evidence of coronary disease. In the cancer population, chemotherapy-induced cardiomyopathy is usually of non-ischemic etiology. A sub-analysis from a randomized clinical trial of patients with HF suggests that CRT has greater beneficial effects on morbidity, mortality, and left ventricular function in patients with non-ischemic cardiomyopathy [6] . Nonetheless, clinical guidelines for CRT use in the management of these patients are lacking.
Anthracyclines are the most frequently cited and well-studied class of cardiotoxic anticancer agents, and their use is limited by cumulative, dose-dependent toxicity [15] [16] . Retrospective analyses from clinical trials in adults suggest that the incidence of HF due to doxorubicin was 1.7% at a cumulative dose of 300 mg/m 2 , 4.7% at 400 mg/m 2 , 15.7% at 500 mg/m 2 , and 48% at 650 mg/m 2 [15] .
Heart Failure Etiology
Trastuzumab, a humanized anti-ErbB2 monoclonal antibody used in the treatment of breast cancer and metastatic human epidermal growth factor receptor 2 (HER2)-positive gastric cancer, also is known for increased risk of cardio-toxicity, particularly when used with concomitant or sequential anthracyclines chemotherapy [17] [18] [19] [20] [21] . In one of the first clinical trials using trastuzumab for metastatic breast cancer, cardiotoxicity was noted in 27% of patients receiving trastuzumab concurrently with anthracyclines therapy and in 13% of patients receiving paclitaxel and trastuzumab [17] . Other agents that may cause heart failure in cancer patients include traditional chemotherapeutic agents such as cyclophosphamide, and docetaxel; and angio-genesis inhibitors, including bevacizumab and sunitinib [22] [23] [24] .
In this study, we investigated CRT use in cancer patients with HF at our institution, a tertiary cancer center. We also assessed factors associated with the HF etiology, either ischemic or non-ischemic. The findings from this study have immense clinical significance. Optimization of recommended therapies such as CRT may improve patient quality of life and allow oncologists to continue cancer treatments that could prolong survival.
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Methods
In this retrospective study, we reviewed echocardiography and electrocardiography data from patients with cancer who were seen in the Department of Cardiology at The University of Texas MD Anderson Cancer Center in Houston, Texas. Eligibility criteria were: 1)An echocardiogram performed between July 1, 2010, and June 30, 2012 2)A left ventricular ejection fraction (LVEF) of ≤35%, as measured by the biplane method of disks (modified Simpson's).
3)QRS duration of >120 ms.
The MD Anderson Institutional Review Board approved the study. A waiver of informed consent was granted, given the retrospective design of the study. Materials described in the manuscript, including de-identified raw data, are stored in a password-protected database in the MD Anderson Department of Nursing. Materials can be made available for noncommercial purposes without breaching participant confidentiality.
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In addition to cancer and HF, patients in this study had multiple comorbid conditions, including hypertension (73.5%, n=200), dyslipidemia (61.8%, n=168), coronary artery disease (54.8%, n=149), and diabetes mellitus (37.9%, n=103). Patients taking HF medications included 90.8% (n=247) on beta-blockers, 50.0% (n=136) on ACEIs, and 14.3% (n=39) on angiotensin receptor blockers.
Study Variables
Sociodemographic data extracted were age, sex, and ethnicity. Electronic medical charts were reviewed for HF etiology (ischemic or non-ischemic), cardiac risk factors (hypertension, diabetes mellitus, dyslipidemia, coronary artery disease, myocardial infarction, family history of heart disease, and alcohol and tobacco use), LVEF, QRS duration, and cardiac medications (angiotensin converting enzyme inhibitors [ACEIs], angiotensin receptor blockers [patients who were intolerant to ACEIs], and beta-blockers).
The etiology of left ventricular dysfunction was verified with a myocardial perfusion stress test or a left heart catheterization and confirmed as either ischemic or non-ischemic. For purposes of this study, the diagnostic etiology of non-ischemic cardiomyopathy was established by a negative myocardial perfusion stress test or left heart catheterization.
Prior to data collection, to ensure data quality and consistency, the primary investigator (APF) provided orientation and extensive training to the data abstractors. The data abstractors remained blind to the study questions to minimize review bias. To validate the proficiency of the data abstractors, a pilot data collection from 10% (n=27) of the sample patient records was collected separately by the principal investigator and data abstractors and compared for consistency. Variables for which there was more than a 2% discrepancy between data abstractors were reassessed, and all data discrepancies were resolved jointly by the principal investigator and the data abstractor.
Descriptive statistics were utilized to describe the study population. To examine the prevalence of type of HF (ischemic/nonischemic) in this study population, proportions and 95% binomial exact confidence limits for each type were calculated. Clinical and demographic characteristics were compared by type of HF, using the Wilcoxon rank-sum test, chi-squared test, or Fisher's exact test, depending on the distribution of the data. Univariate and multivariate logistic regression analyses were used to estimate the strength of association with HF etiology for the variables. Factors found to be significant (p<0.20) in the univariate analysis were included in the multivariate model; a p value of 0.20 was used as the cutoff because a more traditional value (p<0.05) often does not identify variables known to be important. Further variable selection in the multivariate model was conducted using backward elimination. To obtain the most parsimonious model, only variables with p values <0.05 were included in the final model. All statistical analyses were performed using SPSS software (SPSS Inc., Chicago, IL). All of the statistical tests were two-sided.
Of the 24,879 cancer patients with echocardiographic studies performed during the specified time period, 272 patients met inclusion criteria for CRT placement (LVEF ≤35% and QRS >120 ms). Of these patients, 58 (21.3%) had CRT implantation, and of those, 27 (46.6%) had ischemic etiology and 31 (53.4%) had non-ischemic etiology.
The mean age of the subjects was 67.1 years (range 23-92 years); most were white (71.0%) and male (65.1%). Most had solid tumors (73.2%, n=199), including breast, lung, sarcomas, and lymphoma; 70 (25.7%) had liquid tumors, such as leukemia. Anticancer therapies with known cardiotoxicity used in the treatment of these patients included doxorubicin in 25 patients (9.2%), trastuzumab in 7 patients (2.6%), combination therapy (chemotherapy and radiation) in 44 patients (16.2%), and mediastinal radiation in 41 patients (15.1%). Multivariate logistic regression analyses in Table 2 showed that non-ischemic HF was significantly associated with younger age (<65 years) (OR=0.91; 95% CI=0.87-0.95) and female sex (OR=2.5; 95% CI=1.1-6.0). As expected ischemic HF was significantly associated with a history of myocardial infarction, diabetes and coronary artery disease (p<0.001). There were no significant differences between the two groups with regard to cardiac risk factors for hypertension (p=0.091), family history of heart disease (p=0.684), or the use of alcohol (p=0.970).
Results
The characteristics of patients who received CRT placement versus those who did not receive CRT are listed in Table 3 . There were no significant differences between the two groups except for the patient's sex (p=0.036) and cancer diagnosis (p=0.037). Patients who received CRT implantation were mostly male (53.4% vs. 46.6%, p= 0.036) and had a solid tumor (lung, breast, sarcoma, lymphoma) versus a liquid tumor (leukemia) (86.2% vs 13.8%, p=0.037). In 2001, CRT was approved by the US Food and Drug Administration for use in selected patients with left ventricular dysfunction. This included patients with moderate to severe HF (New York Heart Association functional class III to IV), with an LVEF of ≤35%, and QRS duration ≥120 ms despite optimal pharmacotherapy. The use of CRT was associated with survival benefit, left ventricular reverse remodeling, and reduced hospitalizations for patients with HF [25] [26] [27] . The primary finding in this study is that only a limited number of eligible cancer patients with HF received the device. To our knowledge, this is the first study to report on CRT utilization in cancer patients with HF.
CRT Placement versus no CRT Placement
Discussion
HF in the general population typically is secondary to myocardial infarction, coronary artery disease, or hypertension [28] . Our results indicated that the patients with cancer in our sample were similar to patients in the general HF population, in terms of demographic characteristics and comorbidities (specifically, hypertension, hyperlipidemia, and coronary artery disease). It is imperative that cardiac risk factors be managed aggressively in patients with cancer to prevent development of HF. Moreover, patients in this cohort were on optimum HF medications including beta-blockers (90.8%) and ACEIs (50.0%) which are known to promote reverse ventricular remodelling and improvement in ejection fraction [29] [30] [31] . Clinical practice guidelines recommend CRT for appropriate patients who remain symptomatic despite optimal pharmacological therapy [28, [32] [33] [34] .
However, 10 (7.6%) patients with ischemic HF in this cohort had no known history of coronary artery disease. This can be explained by the fact that in patients with cancer, there are concomitant disease conditions that can result in ischemic cardiomyopathy in the absence of coronary artery disease. Ischemic cardiomyopathy can occur in embolic conditions (e.g., atrial fibrillation, endocarditis, thrombophilic states) and microvascular ischemia resulting from infiltrative myocardial disease (e.g., cardiac amyloidosis, hemochromatosis, and sarcoidosis), which are commonly seen in patients with cancer [35] [36] [37] [38] [39] .
Cardiac amyloidosis is caused by tissue deposition of misfolded proteins that results in progressive organ damage [39] . The deposition is most common in the myocardium, causing the myocardium to become thick with a rubbery consistency [39] . Highgrade infiltration (>50%) of the myocardium is most common in the immunoglobulin light-chain amyloidosis variety, and 90% of cases have microvascular involvement, resulting in tissue ischemia and infarction [38, 40] . Resultant myocardial fibrosis adds to the myocardial dysfunction, causing heart failure and cardiac arrhythmias.
Although the specific etiology of left ventricular dysfunction leading to HF in this patient cohort was difficult to ascertain, we found that 51.8 % had HF with non-ischemic etiology. Non-ischemic HF can be caused by cancer therapies, infection, valvular disease, excessive alcohol use, and myocarditis. Indeed, in our multivariate model, we found that younger age and female sex were significantly associated with non-ischemic HF and that ischemic HF was significantly associated with a history of myocardial infarction, diabetes, and cardiovascular disease. Regardless of etiology, these patients were on optimum medical therapy as recommended by clinical guidelines; 90.8% (n=247) were taking beta-blockers, which are believed to have a cardio-protective benefit as a consequence of their potent antioxidant effects, modulation of neurohumoral factors, and modulation of cardiac electrophysiological properties [41] . This is significant because, despite receiving appropriate pharmacotherapy, all of the patients in our sample were eligible for CRT on the basis of LVEF and QRS parameters, yet more than three quarters of them had not received it at the time of their participation in the study. Adding CRT to optimal pharmacotherapy could be an effective approach for managing HF in patients with cancer and warrants further exploration in this growing patient population.
We reviewed data from July 01, 2010 to June 30, 2012. In 2012, the American College of Cardiology Foundation/American Heart Association/Heart Rhythm Society guidelines expanded the CRT indication to include patients with milder symptoms, for example, LVEF ≤30%, left bundle-branch block pattern, and QRS duration of >150 ms [26, 42] . However, our inclusion criteria were based on the earlier guidelines that were available when we conducted the study. Consequently, with the expanded guidelines, even more cancer patients may be eligible for CRT than we observed in this study.
There are limitations to this study. First, this is a retrospective study of a small patient sample in a tertiary cancer center and not fully representative of cancer patients with HF in general hospitals and community cancer centers. Data were abstracted from patient medical records by more than one person, which could have affected the accuracy, consistency, or completeness of the information extracted. It is possible that patients who appeared to be eligible for CRT in this study according to cancer diagnosis or treatment may have had other contraindications that were not reviewed. Nonetheless, we specifically manage patients with cancer in our cardiac practice; other practices with different patient populations or care patterns may not encounter this issue. In addition, because this is a cross-sectional study, the lack of follow-up data precludes assessment of benefit of CRT in improving health outcomes and whether a CRT device was subsequently implanted in eligible patients.
Limitations
CRT is underutilized in cancer patients with HF. The findings from this study may provide preliminary information to assist in the development of a protocol that will identify cancer patients who may benefit from CRT implantation. Chemotherapy-induced cardiomyopathy, a most common cause of non-ischemic heart failure, will be an increasing clinical issue in cancer patients. When
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